The preparation and applicability of solid phase microextraction (SPME) fibers coated with a sol-gel organically modified silica based on 3-aminopropyltrimethoxysilane and polydimethylsiloxane (APTMS/PDMS) are described here. Micrographs of the coated fibers revealed a rugous surface; the thickness of the coating was estimated to be less than 30 mm. The APTMS/PDMS fibers were tested with synthetic samples and compared to commercial fibers for headspace SPME analysis of beer. Extraction and desorption using the APTMS/PDMS fibers were faster, which is typical for sol-gel SPME fibers. For polar and semi-polar compounds on beer headspace, the extraction efficiencies of the APTMS/PDMS fiber were superior to those of conventional fibers. The APTMS/PDMS fiber was found to be capable of extracting a broad range of analytes, including highly polar acidic species such as organic acids.
Introduction
SPME was developed by Pawlyszyn and coworkers in the early 1990s. 1 In SPME, a sorbent coating is chemically or physically deposited onto a piece of fused-silica fiber. This fiber is then exposed to a sample, whose components are sorbed by the coating according to their affinity for the extracting phase. Under proper conditions, an equilibration between the sample and the sorbent is reached, and the mass of sorbed analytes is proportional to their concentration in the sample. The fiber is then inserted into a hot GC injection port, where the analytes are thermally desorbed from the fiber and carried into the column. There are two ways of performing SPME: in the direct mode, the fiber is dipped into a (liquid) matrix; in the headspace mode, the fiber is merely exposed to a vapor phase of the sample vial. The parameters affecting the extraction efficiency are the nature and dimensions of the coating, volatility of the analytes, extraction temperature, sample rate of stirring, sample ionic strength, etc. The only available commercial SPME fiber coatings are constituted of pure polymeric films, like polydimethylsiloxane (PDMS) and polyacrylate (PA), or dispersions of adsorbents as Carboxen and divinylbenzene (DVB) in polymeric matrices. However, these coatings present some restrictions, like bleeding (loss of sorbent coating) at high temperatures, leaching in the presence of organic solvents and poor selectivity. Aiming to overcome these problems, lab-made SPME fibers of a wide range of compositions have been proposed, most of them obtained through the so-called sol-gel chemistry. The sol-gel process is based on the hydrolysis and simultaneous condensation of metal (or semi-metal) alcoxides, giving rise to random three-dimensional net of silicates (in the case of silicon precursors). 2 It may be separated in three distinct steps: first, when the reticulant monomers start condensing, one has a sol solution, which is a colloidal suspension of oligomers. The oligomers then start to bond with each other, giving rise to a net in whose pores remains the solvent; this is the gel. Finally, when the solvent is removed and the gel is completely dried, one has a xerogel. Organic compounds containing reactive (condensable) groups may take part in the reaction, originating an organically modified silica (ormosil). The chemical and physical properties of the resulting gel may therefore be controlled by adding the desired reagents, while allowing the achievement of ormosils with different chemical and physical properties. The sol-gel process has been known since the 19th century, due to the work of Ebelman. 3 Ever since, sol-gel chemistry has been known as a mild and cheap process for obtaining glassy materials. Its applications in the separation field have relied mainly on the production of stationary phases for liquid chromatography, 4 until 1997, when Malik and coworkers proposed the use of a sol-gel reaction to obtain SPME coatings with enhanced thermal and chemical stabilities. 5 In this work, a glass fiber was covered with an ormosil based on hydroxyl-terminated polydimethylsiloxane (PDMS-OH) and methyltrimethoxysilane (MTMS). The authors successfully applied this lab-made fiber to the analysis of polycyclic aromatic hydrocarbons and aniline derivatives. The greater stability of this new coating is due to the chemical anchoring of ormosil film to the fiber surface; once a glass surface contains silanol groups (4.5 nm -2 ), 6 the growing sol-gel network may condensate with this surface, being more strongly attached to the fiber. The sol-gel approach for the production of SPME fiber coatings started gaining attention in many research groups. Sol-gel active moieties incorporated in fiber coatings include compounds like fullerenes, 7 calixarenes, 8 cyclodextrins, 9 poly(vinyl alcohol) 10 and poly(ethylene glycol).
11 Different siloxane-based modifiers were also proposed, such as ethoxy-PDMS 12 and ciano-PDMS. 13 A more recent trend proposes similar sol-gel coatings for microextraction devices based on other metal oxides than silica, such as zirconia 14 and titania; 15 these materials are potentially more stable towards aggresive samples.
Even though sol-gel technology is a very attractive approach, with virtually every new coating presenting enhanced sorptive capacities when compared to the commercial devices, one challenge still remains: the production of coatings with affinity for lighter, polar molecules. Commercial SPME devices usually have greater affinity for heavier, non-polar compounds, that is, substances with high octanol-water partition coefficients (ko/w). These non-polar species are extracted mostly by absorption mechanisms (partition). On the other hand, commercial polyacrylate fibers do extract polar compounds (low ko/w values), but they suffer from low sensitivity and poor thermal stability. Therefore, coatings able to extract both polar and non-polar analytes are highly desirable. In this paper, we present a coating based on hydroxyl-terminated polydimethylsiloxane (PDMS-OH) and 3-aminopropyltrimethoxysilane (APTMS).
In comparing its sorptive properties with those presented by commercial PDMS and PA fibers in the analysis of the headspace of a Brazilian beer, we intent to show that this new coating possesses both of the extraction mechanisms cited above.
Experimental

Chemicals and materials
Optical fibers (128 mm core) were used as supports (ABCXtal, Campinas, São Paulo, Brazil). The sol-gel materials were APTMS (Acros Organics, Geel, Belgium), PDMS-OH (Aldrich, St. Louis, WI), trimethylmethoxylsilane (TMMS, Fluka, Buchs, Switzerland), methyltrimethoxysilane (MTMS, Fluka) and trifluoroacetic acid (TFA-Acros Organics). During analytical evaluations of the fibers, aqueous test samples containing 1 mg L -1 of benzene, toluene, ethylbenzene and o-xylene (BTEX) diluted from methanolic stock solutions (Fluka) were employed. The extractions were performed in Teflon/silicone septa-capped 5 and 15 mL glass vials (Supelco, Bellefont, PA). Analytical grade sodium chloride (Aldrich) and a C8 -C20 n-alkane standard solution (Fluka) were also employed. Pilsner-type beer was obtained from the local market; 350 mL cans from the same supplier and batch were employed in all experiments. Commercial SPME fibers coated with 30 mm PDMS and 85 mm polyacrylate (Supelco), fitted to the proper holder, were employed for comparative purposes; the commercial fibers were conditioned according to supplier's recommendations prior to use.
Apparatus
For the analytical characterization of the APTMS/PDMS fiber, an Agilent 6890N GC-FID fitted with a split/splitless injector (operated in splitless mode in all runs) and a HP-50 capillary column (30 m ¥ 0.25 mm ¥ 0.25 mm) and using helium (1.0 mL min -1 ) as a carrier gas, was employed. For BTEX analysis, the injector was kept at 260˚C and the detector at 290˚C. The oven was programmed as follows: 2 min at 40˚C, then heated to 110˚C at 7˚C min -1 and from 110 to 130˚C at 20˚C min -1
. The same setup was used for beer extractions; the injector was kept at 260˚C, the detector at 290˚C, and the oven programmed as follows: 2 min at 40˚C, then heated to 140˚C at 10˚C min -1 (no hold time) and then, from 140 to 250˚C, at 7˚C min -1 . Preliminary runs on a Varian (Palo Alto, CA) Saturn IV GC-ITMS, operated under the same conditions as those from GC-FID analysis, were performed to identify the principal peaks on the beer samples. Some poorly resolved peaks on the chromatograms were integrated manually.
Chemical and morphological characterization of the sol-gel PDMS/PVA fibers
A thermogravimetric analysis of the APTMS/PDMS ormosil was performed under an inert atmosphere (N2) in a 2050 Thermogravimetric Analyzer (TA Instruments, New Castle, DE), over the temperature range of 50 to 950˚C (heating rate of 10˚C min -1 ). The infrared absorption spectrum of the material between 400 and 4000 cm -1 was obtained in a Bomem MB-102 FTIR spectrometer (ABB, St-Laurent, Canada).
A morphological evaluation of the coatings was performed by scanning electron micrography with a T-300 microscope (JEOL, Tokyo, Japan).
Preparation of sol-gel APTMS/PDMS fibers
Two-centimeter pieces of optical fiber were dipped in concentrated sulfuric acid for 3 h to remove the protective polyimide layer. In sequence, uncoated fibers were exposed for 1 h to a 1 mol L -1 NaOH solution, to activate its surface. The activated fibers were subsequently washed with 0.1 mol L -1 HCl to remove any excess of the base, rinsed with distilled water, dried at 70˚C and stored in a dissecator before use. The sol-gel reaction was carried out in a 3 mL disposable polyethylene vial; 300 mg of APTMS, 75 mg of MTMS, 150 mg of PDMS-OH and 125 mL of TFA (with 5% of water) were mixed. The mixture was vortexed for 2 min; the dry activated fused silica fibers exposed to the resulting sol for 1 h at lab temperature (22 -27˚C), removed from the sol and stored overnight on a dissecator. For each batch of fibers, this procedure was repeated five times with fresh sol, in order to obtain thicker coatings. The fibers were then exposed to a solution of 20% methanolic solution of MTMS for 5 min, to end-cap residual superficial hydroxyls. Finally, the finished fibers were mounted on used, discarded commercial (Supelco) SPME assemblies, after careful removal of the original (deteriorated) fiber. The fibers were conditioned at 100˚C for 1 h and then at 260˚C for 6 h in the injection port of a gas chromatograph under a flow of nitrogen (1 mL min -1 ). The sol phases remaining from the coating process were allowed to gel; the resulting monoliths were ground, washed with distilled water and methanol, and conditioned under the same conditions as the fibers. The resulting xerogel was submitted to TGA and IR analysis.
Analytical performance of the APTMS/PDMS fiber Extraction and desorption time profiles.
For determining the extraction profile of the APTMS/PDMS fibers, aliquots of 3 mL of 1 mg L -1 aqueous BTEX were conditioned on a 5 mL sample vial and an APTMS/PDMS fiber was exposed to the magnetically stirred samples (1000 rpm) for periods ranging from 2.5 to 30 min. Immediately afterwards, the fiber was exposed to the injector of the GC-FID for 60 s and extracted analytes were separated and detected. After determining the optimum extraction time (5 min), the thermal desorption profile was studied using a similar procedure, but with the fiber exposure period set at the optimum value and with the desorption time ranging from 5 to 60 s. Sorptive properties. To check the selectivity of the APTMS/PDMS fiber towards polar and semi-polar compounds, it was compared to commercial fibers for HS-SPME analysis of Pilsner-type beer. After opening the cans, beer samples were immediately degassed in an ultrasonic bath for 15 min at ~5˚C; NaCl (27 g/100 mL -1 beer) was added after degassing. Aliquots of 10 mL of degassed beer were enclosed in 15 mL sample vials, and magnetically stirred (1200 rpm) for 5 min for sample/headspace equilibration. After this period, the fiber (APTMS/PDMS, 30 mm PDMS or 85 mm PA) was immediately exposed to the headspace for 30 min. The extracted analytes were instantly desorbed in the injection port of the GC-FID at 260˚C; the fiber was kept in the GC injector for 15 min to ensure total desorption and to avoid inter-run carryover. Each sample was extracted in triplicate. To identify the chromatographic peaks, the same procedure was repeated for selected samples, but with separation and detection with GC-MS and GC-FID; samples were spiked with a n-alkane mix to estimate the linear temperatureprogrammed retention indexes (LTPRI) of the detected peaks.
Results and Discussion
The thermal behavior of the APTMS/PDMS ormosil can be assessed from Fig. 1 , which shows a thermogravimetric curve for the material superimposed to its first derivative to assist to locate transition temperatures. Two main events can be seen. A mass loss of 8% of the start material is perceived between 160 and 260˚C (peaks at 230˚C). This episode can be assigned to a loss of the remaining unreacted materials entrapped inside the ormosil network, such as APTMS (whose boiling point is 194˚C); it is not probably relevant for assessing the general thermal stability of the corresponding SPME fibers, since this mass loss will occur only at once, during the initial fiber conditioning operation. The most important thermal event occurs between 300 and 620˚C (maximum at 460˚C), where 24% of the initial mass is lost. This event can be assigned to the degradation of organic groups bound to the silica reticulate, such as methyl and aminopropyl; comparable occurrences occur on thermograms of PDMS-6 and aminopropyl-modified 16 silicas reported in the literature. Finally, the loss of approximately 1% of the initial mass between 745 and 810˚C is assignable to dehydroxylation of the silica reticulate. 16 These observations suggest that the APTMS/PDMS fibers must be conditioned under temperatures over 200˚C, and may be employed up to a maximum temperature of 300˚C, which corresponds to the beginning of APTMS/PDMS degradation.
The infrared absorption spectrum of the APTMS/PDMS ormosil is shown in Fig. 2 . It indicates the incorporation of APTMS monomers in the main silica network; although the stretching of N-H bonds, which occurs at 3400 cm -1 , is hidden by the broad band of uncondensed hydroxyls (3000 -3500 cm -1 ), signals at 1686 cm -1 (N-H deformation) and 1209 cm -1 (aliphatic C-N vibrations) may be attributed to aminopropyl moieties. Other bands ranging from 800 to 1200 cm -1 have already been assigned to Si-O bonds from PDMS-OH. 10 These assignments are consistent with that expected from silica organically modified with aminopropyl and polydimethylsiloxane groups.
Microphotographies of an APTMS/PDMS fiber can be seen on Figs. 3 and 4. Under 600¥ magnification (Fig. 3) , it can be clearly seen that the fiber surface is extremely irregular; the coating has the appearance of an agglomerate of globular and cylindrical elements with diameters and lengths of ~5 mm, or less. The rugosity and irregularity of the surface prevent an accurate measurement of the coating thickness; however, a comparison of micrographies obtained from coated and uncoated fibers indicates that the width of the APTMS/PDMS layer ranges between 20 and 30 mm. However, the irregular surface can be considered as a desirable feature, since it increases the effective surface area of the fiber, and provides a faster sorption and desorption of analytes. The nanostructure of the coating can be inspected after 10000¥ magnification (Fig. 4) , where the aspect of the APTMS/PDMS surface is compact and non-porous; the material seems to be a cluster of scale-like pieces, and no macro-or mesoporous structure is visible. The lack of a pore system can be considered a drawback, for the same causes that favor irregular surfaces for SPME fibers. However, apparently the analytical performance of the fiber is Figures 5 and 6 show extraction and desorption profiles for BTEX test samples with the sol-gel APTMS/PDMS fiber. For the tested compounds, sample/fiber equilibration is reached within 5 min or less of exposure to the sample. As for desorption, it happens in less than 5 s (investigation of shorter desorption periods would be not possible using manual injection, as adopted here). Such short sample/fiber equilibrium and thermal desorption times are typical features of sol-gel SPME fibers: 5,10,11 their combination of high sorptive capacity and thinner coatings allows the fast diffusion of analytes from the interior of the coating to the surface, and vice versa. Anyway, considering the demand for fast extraction and desorption, the lack of an extensive micro-and mesoporous network, despite limiting the surface area, can be advantageous in certain circumstances. In extractions using commercial Carboxen/PDMS SPME fibers, 17 the presence of very slow sample/fiber equilibration and tailed chromatographic peaks for polar analytes was attributed to slow diffusion of the analytes through the lengthy pores present on the particles of the adsorbent phase of the coating.
An evaluation of the sorptive properties of the APTMS/PDMS was carried out using headspace extractions of commercial Pilsner beer. The blend of volatile organic compounds present on beer is a complex mixture of species with varied vapor pressures and chemical functionalities, especially polar and semi-polar compounds that were the focus of this paper. Obtaining a synthetic test sample containing such a comprehensive set of analytes with controlled concentrations would be enormously cumbersome; therefore, beer was selected for these evaluations. Besides, beer was already employed as test aqueous samples for evaluating the performance of novel sol-gel SPME fibers towards polar and semi-polar analytes. 17 Figure 7 compares chromatograms obtained for beer headspace using the APTMS/PDMS, 30 mm PDMS and 85 mm PA fibers. The ratios between the peak areas found with APTMS/PDMS fiber and the commercial fibers are given in Table 1 . A blank chromatogram for the APTMS/PDMS fiber is also presented in Fig. 7 ; it shows an almost clear baseline, without potentially interfering peaks. This clean fiber blank is a characteristic of sol-gel SPME coatings, chemically bound to the surface of a 6 Thermal desorption profile for aqueous BTEX using the APTMS/PDMS fiber. The symbols are the same as those in Fig. 5 . Fig. 7 Section of chromatograms obtained in headspace beer analysis. Peak identification: 1, acetic acid; 2, ethyl acetate; 3, isoamyl alcohol; 4, 2-methyl-1-butanol; 5, ethyl butyrate; 6, isoamyl acetate; 7, caproic acid; 8, ethyl caproate; 9, caprylic acid; 10, ethyl caprylate; 11, 2-phenylethyl alcohol; 12, 2-phenylethyl acetate; 13, decyl acetate; 14, ethyl caprate. fused silica fiber. 5 From the sample chromatograms and Table 1 , it can be seen that the extraction efficiency of the APTMS/ PDMS fiber was, in general, superior to both the 30 mm PDMS and 85 mm PA fibers, even considering the thicker coatings on these fiber; again, improved sorptive capacity is an already wellknown feature of sol-gel SPME fibers. 18, 19 A closer inspection of the data in Fig. 7 and Table 1 leads to some considerations regarding the selectivity of the APTMS/ PDMS fiber and the possible sorption mechanisms involved in extraction using these devices. Both commercial fibers are coated with pure polymeric phases, and therefore the physicochemical mechanism involved in extractions employing these fibers is partition. It has been shown that the coating/water distribution coefficients Kfw are correlated to the chromatographic retention indexes, since the mechanisms of both processes are related. 20 This can be assumed to be a general tendency: e.g., Kotowska et al. 21 found that the Kfw of organic phthalates on PDMS and PA fibers increase with their chromatographic retention. The ratio between most peak areas found with APTMS/PDMS and 30 mm PDMS fibers apparently increases with their retention times up to 2-phenylethyl alcohol (tR = 11.49 min), while declining for more retained compounds. Regarding the ratios for 85 mm PA fibers, the general tendency seems to be the same, except that the ratios are considerably higher even considering that, in theory, PA fibers would be more suitable for the isolation of polar species. Since the extraction efficiency of PDMS, and, in a lesser extent, PA, fibers increases for more compounds with greater chromatographic retention, the observed tendencies given in Table 1 suggest that the mechanism involved in extractions using APTMS/PDMS fibers is different from those coated with pure polymeric phases. Another remarkable feature of the APTMS/PDMS fibers is their affinity towards organic acids; acetic acid is detected in the beer headspace only in APTMS/PDMS chromatograms. The extraction efficiency for other congeners such as caproic (n-C8) acid is also higher.
These results are consistent with the suggestion that both adsorption and partition contribute simultaneously to the sorption of analytes on APTMS/PDMS fibers. The high affinity towards organic acids can be attributed to the interaction of these species with the amino group on the 3-aminopropyl fragments bound to the silicate network. In this sense, each 3-aminopropyl chain would be act as an adsorptive site towards acidic or other strongly polar substances. Into other hand, the increase in the sorptive power of the APTMS/PDMS fiber for more retained species, compared to PA (and, for a certain range, pure PDMS) also hints that partition is also present. Independent of the polarity of the analyte, and compared to pure polymeric-coated fibers, the affinity of the analytes towards the APTMS/PDMS coating generally increases with the chromatographic retention. This increase is uniform through the whole range of species detected in the beer headspace, when compared to PA. As for PDMS, APTMS/PDMS performs better for compounds with low-to-medium chromatographic retention and volatility; with an increase in the chromatographic retention, both fibers seems to yield a similar efficiency. The PDMS-OH incorporated to the sol-gel reactional mixture is probably accountable for the partitional contribution to the overall sorptive capacity of APTMS/PDMS. Therefore, although only a conjection, these considerations point out that APTMS/PDMS fibers resemble, considering the mechanistic aspects, commercial fibers coated with mixed sorbents, such as Carboxen/PDMS or PDMS/DVB.
Although direct comparison with other beer headspace analysis is difficult, since the actual composition varies considerably from brand to brand, some volatiler compounds identified in this work already were detected on Pilsner beer. For example, Vanderhaegen et al. 22 analyzed different beer types, and found high contents of isoamyl acetate and ethyl hexanoate (caproate). Liu et al. 23 applied a sol-gel fiber based on 3-(trimethoxysilyl)propyl metacrilate to a beer headspace analysis, and found the above-cited esthers as well as acetic acid, caproic acid and isoamyl alcohol.
There are some potentially similar SPME fibers described, such as that based on anilinetriethoxysilane and polydimethylsiloxane (AMTEOS/PDMS), proposed by Lu et al. 24 The thermal behavior of this AMTEOS/PDMS is similar to the APTMS/PDMS sol-gel fiber here described; both of them present good thermal resistance up to 350˚C. However, the analytical behavior of these fibers is predictably different. Due to the presence of phenyl rings on the silica network, the AMTEOS/PDMS fiber will have an enhanced affinity towards aromatic compounds due to p-p interactions. However, the aniline fragment present on this coating is not as easily protonated as the alkylamine radical on the APTMS/PDMS fiber, since aliphatic amines are stronger bases than anilines. Therefore, the affinity of this APTMS/PDMS fiber towards polar (and specially acidic) compounds is expectably higher, which agrees with the data given in Table 1 regarding improving on the extraction efficiency for organic acids on beer compared to commercial fibers. Regarding the stability of the APTMS/ PDMS coating, the fibers could be employed for up to ~50 headspace extractions before a decline of the extraction efficiency, which is less than of other reported sol-gel coatings, 10,11 but expected: polar coatings are tipicaly less stable than non-polar immobilized sorbents. Anyhow, this figure can be considered to be adequate for routine applications.
Conclusions
The observations described in this work indicate that the sol-gel APTMS/PDMS fiber provides considerable extraction efficiency for a broad range of compounds with varied polarity and volatility. To possess such characteristics, this fiber act like an adsorptive and absorptive phase, that is, the aminopropyl moieties behave like adsorption sites, performing Lewis acidbasis interactions with polar analytes, and the PDMS chains prove the liquid-like behavior necessary for the partitioning (absorption) of heavier analytes. The fast kinetics of extraction/ desorption on APTMS fiber is typical of sol-gel SPME-coated fibers already described in the literature.
